Multifractal analyses have been used in recent years as a way of studying balance, with the goal of understanding the patterns of movement of the center of pressure at different spatial scales. A multifractal detrended fluctuation analysis was used to compare obese and nonobese children to investigate the cause of previously demonstrated deficiencies in balance for obese children. Twenty-two children (11 obese and 11 nonobese), aged 8-15 years, performed 30-s trials of bilateral static balance on a plantar pressure distribution measuring device. Both the obese and nonobese groups demonstrated greater persistence for small fluctuations, but the effect was greater in the obese group. This was particularly evident with the eyes closed, where significant differences between the obese and nonobese were observed for small fluctuations. These results demonstrate that balance deficiencies in obese children may be the result of decreased proprioceptive abilities in obese children.
for most activities of daily living; however, clinical measures of stability suggest that obesity imposes significant constraints on children's balance. Obese children have a greater area of postural sway (Colne, Frelut, Peres, & Thoumie, 2008; Deforche et al., 2009) , specifically in the mediolateral direction (McGraw, McClenaghan, Williams, Dickerson, & Ward, 2000) as well as changes in the pattern variability (Pau, Kim, & Nussbaum, 2012) . The source of these balance deficits in obese children remains unresolved: vision is known to play a greater role in balance for obese children (D'Hondt et al., 2011; McGraw et al., 2000) , but both sensory deficits (Buschbacher, 1998) and lack of strength (King, Challis, Bartok, Costigan, & Newell, 2012) have been identified as potential causes.
Postural sway is often used to study the sensorimotor control required for balance (e.g., Collins & De Luca, 1993) . Recently, nonlinear techniques such as fractal analyses have been applied to postural sway as a way to understand the causes of decreased sensorimotor function (e.g., Capodaglio, Cimolin, Tacchini, Parisio, & Galli, 2012; Cimolin et al., 2014) . These alternative protocols identify patterns in the motion of the center of pressure (COP) that more traditional methods of analysis (e.g., COP displacement) might miss (Ihlen, Skjaeret, & Vereijken, 2013; Norris, Marsh, Smith, Kohut, & Miller, 2005) . Fractal processes contain long range correlations in the time series and can show either persistence (i.e., a positive correlation in time or a tendency to continue to increase or decrease) or antipersistence (i.e., negative correlation in time or error correction).
Fractal processes are assumed to be characterized by a single parameter, a scaling exponent which remains constant at all scales of time and magnitude. Multifractal processes, on the other hand, can display varying patterns, dependent on fluctuation size or time scale, and are thought to arise from multiplicative cascading processes, where large fluctuations contain smaller fluctuations and are characterized by intermittent periods of fluctuations of varying size Stephen & Dixon, 2011) . Many biological processes demonstrate multifractal properties, including postural sway (Collins & De Luca, 1993; Lau, Choy, & Chow, 2015; Morales & Kolaczyk, 2002; Palatinus, Kelty-Stephen, Kinsella-Shaw, Carello, & Turvey, 2014; Shimizu, Thurner, & Ehrenberger, 2002) , and the multifractal spectrum can be used to differentiate between conditions, such as different instructions Palatinus et al., 2014) or sensory conditions (Shimizu et al., 2002) , or to identify individuals at risk of falls (Bigelow & Berme, 2011; Norris et al., 2005) . In particular, the haptic system has been hypothesized to make use of a multifractal tensegrity (Turvey & Fonseca, 2014) , where smaller units of the system are embedded in the larger units, naturally giving rise to multifractal perception. If this is true, when the haptic system must be relied upon (e.g., when other sources of perceptual information such as vision are removed), multifractal behavior may be more readily observed.
Here, a multifractal detrended fluctuation analysis (MFDFA; Ihlen, 2012; Kantelhardt et al., 2002; see Kelty-Stephen, Palatinus, Saltzman, & Dixon, 2013 for a review) is used to identify balance problems associated with obesity in children. Using MFDFA allows us to pinpoint the causes of decreased stability in obese children by examining the patterns of variability at different fluctuation sizes. If decreased stability is a result of sensory dysfunction (Buschbacher, 1998) , obese children would be unable to detect and correct small shifts in the COP. As a result, there should be patterns of greater persistence for small or negative values of q, where small fluctuations are weighted more heavily. Moreover, the affected sensory modality is explored by including both an eyes open and eyes closed condition. Vision plays a key role in balance and sway (e.g., Bertenthal, Rose, & Bai, 1997; Dijkstra, Schöner, Giese, & Gielen, 1994; Schmit, Regis, & Riley, 2005; Stoffregen, Pagulayan, Bardy, & Hettinger, 2000) , and differences in persistence with the eyes open would be suggestive of trouble integrating vision and action. When vision is taken away, the ability to balance is more reliant on the haptic system, and differences in persistence with the eyes closed would indicate deficits in haptic perception or the inability to properly use haptic information for balance. If the decreased stability is a result of insufficient strength, as suggested by King et al. (2012) , this would be reflected by an inability to correct for larger fluctuations of the COP. Therefore, differences between obese and nonobese children would be seen primarily at large values of q, where the large fluctuations are weighted more heavily.
Methods Participants
Twenty-two children (8-15 years) were classified as obese (N = 11; 6 males and 5 females; age: 11.4 ± 1.2 years, height: 1.59 ± 0.09 m, mass: 64.3 ± 13.8 kg) or nonobese (N = 11; 6 males and 5 females; age: 11.5 ± 2.3 years, height: 1.51 ± 0.16 m, mass: 43.2 ± 13.9 kg), according to international cutoff points for body mass index (Cole, Bellizzi, Flegal, & Dietz, 2000) . Participants were excluded if they had any lower extremity injury within 6 months or had a history of neuromuscular or metabolic (i.e., diabetes) conditions that could interfere with balance assessment. Participants and their parents/guardians gave written informed assent and consent, respectively, prior to beginning the study. All protocols were approved by the University Human Research Ethics Committee at the Queensland University of Technology.
Assessments
Height was measured to the nearest 0.1 cm with a Harpenden stadiometer (Holtain Ltd., Wales, United Kingdom), and body mass was measured to the nearest 0.1 kg using an electronic scale (Seca, Hamburg, Germany). These measurements were used to calculate body mass index (in kilogram per meter squared). Then, the participant performed two 30-s trials of bilateral static balance under each of two visual conditions (i.e., eyes open, eyes closed). Participants were free to adopt a comfortable foot width, with arms alongside the body. In the eyes open condition, participants were instructed to look at a black dot placed 2 m away, while in the eyes closed condition, participants were instructed to keep their eyes closed for the entire trial. Trials were randomized for visual condition, and COP was measured using a plantar pressure distribution measuring device (EMED-SF; Novel GmbH, Munich, Germany) sampled at 10 Hz.
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Multifractal Analysis
For each trial, displacement of COP was calculated as the Euclidean distance between the COP at a given time and the initial COP position. The displacement time series was differentiated to find the change in displacement between time intervals. The data were analyzed using an MFDFA (Ihlen, 2012; Kantelhardt et al., 2002) with MATLAB software (MathWorks, Natick, MA).
Multifractal detrended fluctuation analysis measures temporal correlation by examining the slope of a detrended root mean square value as a function of data bin size. Eight different bin sizes, equally spaced, ranging from eight data points to 180 data points (i.e., 8, 33, 57, 82, 106, 131, 155 , and 180 data points; see Almurad & Delignières, 2016) . The multifractal nature of the signal is derived by weighting the time series with a parameter q, which varied from −3 to 5. Low q values give greater weight to small fluctuations, which indicate perceptual deficits. High q values give greater weight to large fluctuations, associated with strength deficits. For each value of q, the slope of the root mean square versus bin size was calculated (Hq). The quality of the linear fit was assessed by calculating the overall R 2 value across all trials. This was done by calculating the error sum of squares (SSE) and the total sum of squares (SST) using the following equations:
where Fq ijk is the calculated root mean square (Fq) for trial i, q value j, and segment size k; c Fq ijk the linear best fit for Fq versus segment length for trial i, q value j, and segment size j; Fq i the mean root mean square for trial i for q value j; NT is the number of trials across all participants; and SS the segment sizes used in the analysis. From SSE and SST, the R 2 value was calculated as:
The overall R 2 value calculated this way, across all trials, was .9381. The multifractal spectrum was further assessed by analyzing the relationship between hq and Dq for each trial (see Ihlen, 2012 for details). First, the data were fit to a quadratic equation using the formula:
where hq 0 is the value of hq where the largest D(hq) was observed (see Shimzu et al., 2002) . Spectrum width was calculated by finding the distance between the two roots of the fitted quadratic equation. The asymmetry of the multifractal spectrum was quantified using the fitted B parameter. The Hq, spectrum width, and asymmetry values were further assessed by comparing these values to a surrogate dataset (Kelty- Stephen et al., 2013) which was created using an amplitude-adjusted Fourier transformation (Schreiber & (Ahead of Print) Schmitz, 1996) , where the temporal sequence of the original dataset was altered while the distribution remained the same. The surrogate analysis maintains the distribution and autocorrelation of the original COP patterns, while altering the temporal structure. The resulting parameters of the surrogate analysis were compared with the original values to determine the interactivity of the original time series, where a narrower or wider multifractal spectrum indicates that the original time series is a result of cascade dynamics.
Statistical Analysis
The Hq values were tested statistically using a 2 group (obese, nonobese) × 2 data type (original or surrogate) × 2 vision (eyes open, eyes closed) × 8 q values (from −3 to 5) repeated-measure analysis of covariance, with age as a covariate. Planned post hoc tests were performed to compare obese and nonobese groups at each q value for eyes open and eyes closed separately, as well as tests between the original and surrogate data at each q value for both the obese and nonobese groups. The spectrum width and asymmetry were testing using a 2 group (obese, nonobese) × 2 data type (original or surrogate) × 2 vision (eyes open, eyes closed) repeated-measure analysis of covariance. Data were analyzed using SAS (version 9.3; SAS Institute Inc., Cary, NC), with a significance level set at α = .05.
Results
Plots of Fq as a function of bin size are shown in Figure 1 for a single trial, along with the linear fits for q values of −3, −1, 1, 3, and 5. A decrease in the slope is seen as q increases, indicating greater antipersistence for large values of q. The multifractal spectrum for the same trial is shown in Figure 2 , along with the spectrum for the surrogate dataset. Across all trials, the spectrum width was significantly smaller for the surrogate data (1.40 ± 0.03) than for the original data (1.59 ± 0.04), F(1, 10) = 13.56, p = .0042, with no other significant differences found. The surrogate data also differed from the original dataset in the parameter B, where the original dataset had a smaller B (0.272 ± 0.010) than the surrogate data (0.307 ± 0.006), F(1, 10) = 19.89, p = .0012.
When looking at the Hq values, greater persistence was observed with eyes closed as compared with eyes open for all participants, F(1, 10) = 5.02, p = .0048. Overall, Hq values were higher for the obese group as opposed to the nonobese groups, F(1, 10) = 6.86, p = .0307, and both groups decreased Hq as q values increased, F(8, 80) = 1145.27, p < .0001. The degree to which this was true differed for the two groups, F(8, 80) = 2.31, p = .0289, for the interaction of group and q. In addition, the surrogate data only showed a difference for the normal data for small values of q, F(8, 80) = 18.81, p < .001 for the interaction of type of data and q.
Plots of Hq as a function of q are shown in Figure 3 for the original data and the surrogate data. The only significant differences between the original dataset and the surrogate data are seen at small values of q, and the only differences are where the Hq is higher for the original dataset, indicating persistence. Differences between the obese and nonobese groups, indicated by asterisks, are seen for small values of q, but only in the eyes closed condition. 
Discussion
This study is the first to use multifractal analysis when examining differences in sensory control of obese children during static posture. The surrogate analysis showed significant differences between the original data and the surrogate data, highlighting the validity of studying the time series using a multifractal analysis. When looking at persistence, the novel analysis identified greater persistence in movement of the COP for small values of q within the obese group during the eyes closed condition, a result that would have been missed with a standard fractal analysis, which examines only q = 2. As increased persistence was associated with greater drift in the position of the COP, this pilot study supports previous clinical findings of impaired balance in obese children (Colne et al., 2008; Deforche et al., 2009; D'Hondt et al., 2011; McGraw et al., 2000) . Multifractal analysis is more informative about the source of the balance difficulties in the obese group and thus provides a more robust description than is available with traditional assessments (i.e., absolute displacement measures). Insufficient muscle strength (King et al., 2012) or sensory dysfunction (Buschbacher, 1998) have been suggested as causes of balance dysfunction. The multifractal analysis suggests the latter: differences Multifractal Analysis of Balancebetween the obese and nonobese groups were seen only at negative values of q, where small fluctuations are weighted more heavily, which indicates that obese children are not able to detect small fluctuations, and therefore have a greater tendency for the COP to drift before being corrected. In a study of obese adults, Buschbacher (1998) found sensory amplitudes 20-40% lower in obese adults for both the upper and lower extremities. While nerve conduction research has not been investigated in obese children, the findings of both Buschbacher and the current study suggest a relationship between excess mass and decreased sensory control.
Differences between the groups were seen almost exclusively with the eyes closed, and balance was more difficult with eyes closed, as evidenced by the increased persistence with the eyes closed for both the obese and nonobese groups. This is supported by previous research (D 'Hondt et al., 2011; McGraw et al., 2000) , which has shown that obese children are more dependent on vision to control their balance. In the absence of vision, participants are forced to rely on vestibular and pressure (i.e., Meissner's corpuscles and Pacinian corpuscles) sensors to maintain stability. When this is the case, the obese group showed a greater tendency toward persistence when smaller fluctuations are weighted more heavily. The multifractal analysis shows that, for obese children, these mechanisms seem to be less effective and that this is the source of the reported balance deficits This does not fully address the source of these deficits: the deficits could be due to the actual sensor systems, or perhaps the problem arises due to problems with tensegrity (Turvey & Fonseca, 2014) , where the multifractal structure of the components of the haptic system is altered, reducing the ability to perceive and make use of haptic information. This question cannot be resolved using the analysis here and would need further study.
Conclusion
These results show that a multifractal analysis of COP can identify spatial deficits in balance in obese children. Furthermore, the analysis suggests that these deficits are caused by sensory impairments. Future research is warranted and should include: (a) testing at a higher temporal resolution (e.g., Collins & De Luca, 1993) to identify behavior at different time scales and (b) direct testing of nonvisual perception to confirm that the deficits in balance are caused by decreased perceptual sensitivity.
